Biochemical events involved in the acquisition of germinability and storability during orthodox seed development are well documented; however, the roles played by the physical organization of lipids and water are poorly characterized. The aim of this work was to determine, using a thermodynamic approach, whether changes in thermal properties of lipid reserves, and intracellular glasses might play a role in sunflower (Helianthus annuus L.) seed development. Triacyglycerols (TAGs) accumulated in cotyledons until the end of seed filling, which occurred 42 days after anthesis (DAA). Further seed development, leading to mature seed at 58 DAA, was mainly associated with an enlargement of lipid bodies without significant changes either in the lipid content or in their composition. When cooled to -1008C, lipid reserves from cotyledons of mature seeds displayed a and b 0 polymorphic crystalline structures; however, the ability to form a crystals, which was an indicator of lipid purity, progressively appeared during seed development. Characteristics of lipid melting confirmed that seed maturation drying was associated with changes in TAG physical organization. Cotyledon development was associated with an increase in the temperature of glass to rubber transition (Tg), thus suggesting a decrease in molecular mobility during maturation drying. This phenomenon was concomitant with an increase in raffinose content. Our results demonstrate that physical characteristics of lipid reserves and glasses of sunflower cotyledons are developmentally regulated and might play a role in acquisition of seed germinability and storability.
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Introduction
Orthodox seed development is a complex phenomenon which includes embryogenesis, accumulation of reserves and desiccation (Kermode 1995) . Achievement of each phase of the seed developmental program relies on a tight control, by cellular signals such as hormones or cell water content, of various biochemical events and differential gene expression which are also influenced by the factors of the environnement. Completion of the developmental process leads to the formation of vigourous seeds, able to germinate in a wide range of environmental conditions, endowed with reserves for allowing the first steps of seedling growth. Many studies have been undertaken to understand better the regulation of seed development, and seed physiologists have mainly focused their attention on the mechanisms involved in seed filling, because it contributes to crop yield elaboration, and to the final maturation drying phase, which seems to appear to play a major role in the acquisition of seed germinability and storability (Kermode 1995, Sanhewe and Ellis 1996) . The maturation drying phase is associated with a progressive reduction in metabolism until seed becomes quiescent. Several cellular events concomitant with seed desiccation have been identified so far. They include synthesis of specific proteins, such as late embryogenesis abundant (LEA) proteins, a shift in soluble carbohydrate composition, removal of active oxygen species and dedifferentiation of organelles, and occur until seed moisture content (MC) decreases to approximately 30-35% FW (Vertucci and Farrant 1995) . These protective changes help the cells to cope with further decrease in water content, which might lead to unregulated metabolism and deleterious cellular events (Vertucci and Farrant 1995) . Much less is known about the mechanisms occurring during this late developmental phase, and which might play a role in the preparation for seed germination and acquisition of seed vigor, i.e. the ability to germinate rapidly in a wide range of environmental conditions, and seed storability.
Sunflower plants produce oily seeds in which lipids are stored as triacylglycerols (TAGs) within oil bodies in cotyledons (Miguel and Browse 1995) . Lipid reserves play a major role in stand establishment because their breakdown to sugars after radicle protrusion provides metabolic energy to the growing heterotrophic seedling (Hoppe and Theimer 1997, Graham and Eastmond 2002) . However, TAGs are susceptible to autoxidation during prolonged dry storage which may decrease their availability as mobilizable molecules for post-germinative seedling growth and may also lead to accumulation of hydroxy derivatives, thus generating oxidative stress (McDonald 1999) . Lipid peroxidation has been shown to be one of the major causes of sunflower seed aging (Bailly et al. 1996 (Bailly et al. , 1998 , and the acquisition of an efficient reactive oxygen species (ROS) detoxification system during seed development appeared to be concomitant with the improvement of seed germinability and storability (Bailly et al. 2003 , Bailly et al. 2004 .
Using differential scanning calorimetry (DSC), it has been shown that the physical properties of stored lipids could be related to seed germination rate, imbibitional damage and storage behaviour (Crane et al. 2003 , Walters et al. 2005a . DSC allows the characterization of thermal transitions occurring in the lipid phase of dry seeds subjected to cooling/thawing cycles (Vertucci 1989 , Vertucci 1992 . During cooling at 108C min -1 , TAGs can crystallize into several polymorphic forms, designated a, b 0 and b, in increasing order of melting point, packing density and thermodynamic stability (Larsson 1966) . Metastable crystals, such as the a form, can undergo polymorphic transitions to form a more stable crystal (Small 1988) . DSC analysis is of particular interest because this non-invasive technique reveals modifications in fatty acid composition and, more interestingly, subtle changes of in vivo TAG organization, such as interactions with other lipid and nonlipid moieties (Crane et al. 2003 , Walters et al. 2005a . Besides lipid analysis, DSC can be used to measure aqueous glass transitions which appear on thermograms as secondorder transitions (Leprince and Walters-Vertucci 1995) , and reveal transitions from a glass, which is an amorphous metastable solid with a very high viscosity, to a rubber, which is of lower viscosity and higher free volume (Slade and Levine 1991) . Dehydration of orthodox seeds during their development leads to the formation of a cytoplasmic glassy state which is supposed to contribute to seed storability (Vertucci and Farrant 1995 , Bernal-Lugo and Leopold 1998 , Walters 1998 , Buitink and Leprince 2004 . Glasses would dramatically restrain molecular mobility, thus decreasing the occurrence of chemical reactions and protecting cellular structures from deleterious changes (Burke 1986 , Leprince and Walters-Vertucci 1995 , Walters 1998 . The presence of RFOs (raffinose family oligosaccharides) has often been correlated with seed longevity since oligosaccharides are suspected to contribute to glass stability (Bernal-Lugo and Leopold 1995 , Steadman et al. 1996 , Sun 1997 , Buitink and Leprince 2004 . However, the role of oligosaccharides in seed longevity and stabilization of glasses is somewhat controversial (Buitink et al. 2000) .
The aim of this study was to determine whether there exists an additional biophysical level of regulation, beside biochemical and molecular levels, which might play a role in acquisition of seed vigour and storability during sunflower seed development in planta. To address this question, we investigated the changes in thermal properties of lipid reserves during seed filling and acquisition of germinability, since previous studies carried out with sunflower seeds have shown that either biochemical or biophysical properties of TAG within cotyledons were playing a role in seed vigour (Vertucci 1992 , Bailly et al. 1996 , Bailly et al. 1998 , Walters et al. 2005a . Changes in lipid reserve organization during seed development were therefore studied in seeds harvested and dried at key steps throughout seed development by combining data obtained by biochemical analysis, electron microscopic views of oil bodies and thermal analysis by DSC. We also investigated the changes of cotyledon glass properties during seed development in order to determine whether the seed developmental program was associated with modifications of molecular mobility, and attention was paid to the possible role of oligosaccharides in glass properties.
Results

Characteristics of seed development
The main characteristics of sunflower seed development have already been described elsewhere (Bailly et al. 2003 , Bailly et al. 2004 , and Table 1 therefore only summarizes the main features of the three developmental stages chosen in this work, i.e. at 29, 42 and 58 d after anthesis (DAA), which correspond to immature seeds, seeds at the end of reserve accumulation and fully mature seeds, respectively. Seed MC decreased during seed development and reached 11% FW at 58 DAA, i.e. at full maturity. The end of seed filling occurred at approximately 42 DAA (Bailly et al. 2003) . The dates and MCs at which the different stages occurred were representative of the developmental pattern of this variety. A 4 year study carried out in our laboratory has shown that the end of seed filling always occurred at an MC of approximately 38 AE 2% FW (data not shown). Dried seeds stored for 5-6 months at 208C and 70% relative humidity fully germinated and produced normal seedlings: the slight decrease in percentage normal seedlings at 58 DAA was a consequence of seed contamination by Botrytis under the pericarp, thus leading to the appearance of abnormal seedlings in the ISTA germination tests. The mean time to germination (MTG) Thermal properties in developing sunflower seedsat 158C decreased from 69.9 h at 29 DAA to 48.1 h at 58 DAA, suggesting that seed vigour increased during their development (Table 1 ). Fig. 1 shows that seed deterioration rate was much faster for 29 and 42 DAA seeds than for 58 DAA seeds. The half-viability period (P 50 ), corresponding to a probit value of 5, increased from 131 h (seeds collected at 29 DAA) to 166 h (seeds collected at 58 DAA) (Table 1) , and after 7 d of controlled deterioration 50% of 58 DAA seeds were still able to germinate when 29 and 42 DAA seeds were almost all dead (Fig. 1) .
The changes in lipid and sugar contents have already been characterized during development of various seeds. However, such measurements were necessary within the frame of this study to understand better the changes in lipid and glass thermal properties. Table 2 shows the changes in lipid content and composition occurring in cotyledons during seed development. At the end of the seed filling, i.e. at 42 DAA, the amount of extracted lipids reached 640 mg g DW -1 and did not increase significantly thereafter. Lipids mainly consisted of TAGs which represented approximately 95% of the total lipids at 42 DAA. Phospholipids (PLs) and diacylglycerols (DAGs) were represented at a significant level only in cotyledons of immature seeds. The unsaturated fatty acids, oleic acid (C18:1) and linoleic acid (C18:2) were the most abundant in TAGs. The fatty acid composition only varied from 29 to 42 DAA and then remained unchanged (Table 2) . Seed filling was associated with a decrease of C18:1 and an increase of C18:2, the content of which contributed about 56% of the total fatty acids in mature seeds. Saturated fatty acids, C16:0 and C18:0, together represented 510% of the total fatty acids, and the unsaturated fatty acids/saturated fatty acids ratio was 9.4 in 29 DAA seeds, and about 10.7 after seed filling.
Sucrose and raffinose were the only soluble sugars detected in the cotyledons of dried developing sunflower seeds (Table 3) . Sucrose content slightly increased from 21.4 to 23.5 mg g -1 DW from 29 to 58 DAA, whereas raffinose content doubled during the same period. Consequently, the value of the raffinose/saccharose ratio also increased during seed development and reached 0.57 in fully mature seeds.
Changes in cotyledon cell ultrastructure during seed development Means of six replicates AE SD. P 50 values were calculated from the data shown in Fig 
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Thermal properties in developing sunflower seeds and subsequently dried to 4.5% FW. At 29 DAA, cells were endowed with numerous subcellular organelles such as mitochondria, endoplasmic reticulum and peroxisomes, thus suggesting metabolic activity before drying ( Fig. 2A) . Dense cytoplasm and nuclei were clearly visible. At this stage, the oil body population was very heterogeneous in size since their biogenesis was in progress, and it was possible to distinguish growing oil body vesicles protruding from the inner membrane of the endoplasmic reticulum (arrows in Fig. 2A ). Seed development was accompanied by enlargement of oil bodies which progressively filled almost all the cellular volume of cotyledon cells at 58 DAA (Fig. 2C ). Although cotyledon cells from 42 DAA seeds, i.e. at the end of seed filling, still contained visible cytoplasm ( Fig. 2B ), oil bodies completely masked the cell structure at maturity (Fig. 2C ). Seed development was also associated with a marked enlargement of large electron-dense protein bodies containing globoid crystal inclusions (Fig. 2B , C).
Changes in lipid thermal transitions during development
Representative thermograms obtained during re-warming of cotyledon samples from seeds collected at 29, 42 and 58 DAA are shown Fig. 3 . At low MC, the shape of the thermograms reflected the thermal behavior of TAGs, the major component of cotyledons (Table 2 ). In fully mature seed cotyledons, i.e. at 58 DAA, the warming scans displayed endothermic and exothermic events (Fig. 3, curve 3 ), revealing that TAGs formed several polymorphic states during cooling at 108C min -1
. At about -758C, the endothermic transition indicated that the a crystals melted. This was subsequently followed by a b 0 crystallization event as shown by an exotherm peak occuring at about -70 to -658C. Further heating led to the melting of b 0 crystals in a large endotherm ranging from -40 to 08C. These three thermal events were only well defined in mature cotyledons. In 29 DAA seeds, no recrystallization event was observed and the warming thermograms just consisted of a single wide endothermic peak at around -278C, revealing melting of b 0 crystals (Fig. 3, curve 1 ). An intermediate situation was found at 42 DAA (Fig. 3, curve 2) , where a recrystallization event was visible, suggesting melting of the a crystal and b 0 crystallization, but this was less defined than in 58 DAA cotyledons.
Since the amount of lipids changes during seed development (Table 2) , the values of the melting energies were calculated per g of lipid (Table 4 ). The b 0 melting enthalpy was almost constant at about 68 J g -1 lipids from 29 to 42 DAA, i.e. during the seed filling period. Interestingly, the energy of b 0 melting decreased after the end of the seed filling, reaching 58.3 J g -1 lipids at 58 DAA. Assuming 76 J g -1 for 100% crystallization of TAGs (Small 1988) , approximately 90% of the lipids had crystallized in cotyledons issued from 42 DAA seeds, whereas only 76.6% of the lipids crystallized in cotyledons Mean of four measurements AE SD. DAA, days after anthesis; DW, dry weight; R/S, raffinose to sucrose ratio.
Thermal properties in developing sunflower seeds 821 from 58 DAA seeds (Table 4) . Onset temperature was also measured for the melting of the b 0 crystal form (Table 4) . Seed development resulted in a significant decrease of the b 0 melting temperature from about -278C at 29 DAA to -358C at 58 DAA, the value measured at 42 DAA not being significantly different from these two values (Table 4) .
Glass transitions in developing cotyledons
An endothermic shift in the baseline was observed in thermograms of cotyledons warmed to 958C, indicating a second-order transition (Fig. 4) . The temperature at which this transition occurred (Tg) decreased when the MC increased, and it became undetectable when this reached approximately 0.15 g H 2 O g DW -1 (Fig. 5) , thus indicating that this thermal event can be attributed to a glass to liquid transition (Leprince and Walters-Vertucci 1995) . Tg ranged from 70-808C in the driest samples to approximately 308C at 0.14 g H 2 O g DW -1 (Fig. 5) . Although the shapes of the curves appeared to be similar for the three samples, seed development was associated with an increase of Tg in the cotyledons (Fig. 5) . In the range allowing Tg detection, and whatever their MC, the glass to rubber transition occurred at about 108C higher for cotyledons issued from 58 DAA seeds than those issued from 29 or 42 DAA seeds. Data of Tg obtained with 29 and 42 DAA cotyledons were fitted to a single curve since they were shown to be statistically not different (P40.05).
Discussion
Sunflower seed development has already been fully described elsewhere (Bailly et al. 2003 , Bailly et al. 2004 ), therefore only the major physiological events associated with this process are summarized in Table 1 , and the results presented are here limited to immature seeds (29 DAA), seeds at the end of filling (42 DAA) and fully mature seeds (58 DAA). Classically, seed vigour and storability increased during development, including after mass maturity, i.e. during the maturation drying phase, which is in agreement with previously published data obtained with sunflower seeds (Bailly et al. 2003 , Bailly et al. 2004 or with other species (Zanakis et al. 1994 , Sanhewe and Ellis 1996 , Bailly et al. 2001 , Lehner et al. 2006 ). This shows again that the final stage of seed desiccation in planta not only consists of loss of water but is also critical for improving subsequent seed germinability and longevity, although the mechanisms underlying these phenomena are poorly understood since major metabolic activities and respiration are known 
822
Thermal properties in developing sunflower seeds to cease when the water content drops down to about 0.25 g H 2 O g DW -1 (Vertucci and Farrant 1995) . The challenge of the present study was to identify whether nonmetabolic events might be involved in this process, using biophysical approaches. We present several lines of evidence demonstrating that the in vivo organization of TAGs and glass properties are developmentally regulated, and that they could play a role in the physiology of seed development in planta.
Seed maturation drying is associated with in vivo reorganization of TAGs
Formation of various crystals, a, b 0 and b, in the order of increasing melting point and packing density, is a common feature of all TAGs and results from various arrangements of lateral packing of the methylene groups of the TAG molecules in a crystal (Narine and Manragoni 1999) . The ability to form metastable a crystals is a balance between resistance to any crystal formation and formation of more stable crystals during cooling. TAG polymorphism is merely affected by the sample cooling rate; a fast crystallization, as is the case in this study (108C min -1 ), is often a prerequisite for allowing the formation of the a polymorph (Campos et al. 2002) . However, interactions of TAGs with other molecules may also affect their ability to form the various metastable crystals (Walters et al. 2005a) , and the study of lipid polymorphism presented here was undertaken to try Before recording the scans, samples were equilibrated in the presence of a saturated solution of Ca(NO3) 2 giving a relative humidity of 56% (at 208C) and a moisture content of 0.07 g H 2 O g DW -1 . Dashed lines correspond to the theoretical baselines of equal heat capacity used to determine Tg. Power was divided by the sample dry mass. The thermogram of cotyledons from seeds collected at 42 DAA is not shown in the figure since it was similar to that obtained with seeds collected 29 DAA.
Thermal properties in developing sunflower seedsto reveal subtle changes in TAG organization during seed development.
Seed filling, i.e. from 29 to 42 DAA, is associated with the appearance of lipid polymorphism. At 29 DAA, TAGs crystallized during cooling only under the b 0 form while at 42 DAA, lipids crystallized in the a and b 0 forms (Fig. 3) . The decrease in the temperature of onset of melting (from -27 to -338C) was not associated with marked changes in the enthalpy of the melt (Table 4 ). The appearance of TAG polymorphism during seed filling, i.e. from 29 to 42 DAA, may be explained by the change of in vivo lipid organization related to the formation of oil bodies, as seen in Fig. 2 , and by the modification of lipid composition (Table 2 ). It has already been shown that, under supercooling, crystallization of the metastable form a could be prevented, presumably because TAG interactions with non-lipid moieties (Walters et al. 2005a) or DAGs (Siew and Ng 2000) can affect chain packing. Interactions of TAGs with the hydrophobic core of oleosins also depend on the size of the oil bodies; the smaller the oil bodies, the greater the interactions (Huang 1992) . We therefore suggest that, in forming oil bodies, interactions of TAGs with other moieties might alter their ability to form a crystals. The mechanisms for prevention of formation of metastable crystals during cooling at 108C min -1 have not been elucidated yet, but might result from an inhibition of crystallization by these non-lipid moieties or by the promotion of formation of stable crystals by these compounds. Similarly, the decrease in onset temperature was probably related to the increase in the level of fatty acid unsaturation (Table 2) (Small 1988) .
Analysis of lipid thermal behavior after the end of the seed filling, i.e. from 42 to 58 DAA, only reflected changes in lipid physical organization within the cells, and could not be explained by changes in lipid content and composition from 42 to 58 DAA, since they did not vary (Table 2) . Fully mature seeds contained mainly C18:1 and C18:2 (Table 2) , and cotyledon cells were filled by large oil bodies (Fig. 2) . This latter period of seed development was associated with the appearance of more defined polymorphic crystalline structures, clearly revealing the melting of the a form (Fig. 3) , and by a decrease of onset and energy of melting of the b 0 form, revealing a lower crystallization efficiency (Table 4) which occurred concomitantly with an enlargement of oil bodies (Fig. 2) . This suggests that, during the late stages of seed development, and despite a constant TAG composition, parameters of TAG packing were significantly affected, thus revealing modifications of in vivo lipid organization. A decrease in the temperature of onset of melting might be related to decreased interactions of TAGs with other moieties, which is in agreement with the appearance of more defined polymorphic phases (Fig. 3) (Walters et al. 2005a ). The decrease in enthalpy reflects a slower crystallization rate in the fully mature seeds (Table 4 ). This suggests that enlargement of lipid bodies at the end of seed development is probably associated with a decrease in the number of nucleation sites and/or that the kinetics of crystal growth are altered, which explains the slower crystallization rate.
The molecular mechanisms involved in changes of lipid physical properties during maturation drying are not precisely identified as yet, but they occurred concomitantly with the acquisition of seed vigour and storability (Table 1) 
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Thermal properties in developing sunflower seeds the physical organization of TAGs and completion of germination sensu stricto is difficult to establish, since this process does not depend on lipid reserve mobilization in the cotyledons which occurs during the early stages of seedling growth (Huang 1992 , Wu et al. 1998 , Graham and Eastmond 2002 . Nevertheless, we hypothesize here that a particular organization of lipid reserves in vivo might be a prerequisite for radicle protrusion. Seed storability, as evaluated by controlled deterioration, improved after seed filling (Table 1 and Fig. 1 ) and it is likely that lipid reserve status would also play a role in this phenomenon. Bailly et al. (1996 Bailly et al. ( , 1998 have shown that lipid peroxidation of reserve lipids was one of the major causes of sunflower seed aging. We suggest that in vivo lipid organization could play a role in preventing peroxidation probably because the efficiency of hydrogen abstraction from fatty acids, which initiates peroxidation (Haliwell and Gutteridge 1999) , could be modulated by their physical organization. The possible role of in vivo lipid reserve organization in seed storability, however, has not been well documented as yet. Vertucci (1992) and Walters et al. (2005a) demonstrated that seed deterioration and germination rate were related to lipid thermal properties. Crane et al. (2003) have shown that Cuphea seed storability was related to the behavior of TAG in vivo, and our data also underline such a possible involvement of thermal properties of lipids in storability. Future studies will aim to determine whether the susceptibility of TAGs to peroxidative processes might be related to their thermal properties and physical organization.
Acquisition of seed storability during development is associated with changes in the properties of glasses The presence of a glassy state has been demonstrated in dry soybean seeds during maturation (Sun et al. 1994 ) but it is not known whether glass properties are acquired early in the seed developmental program or whether they require the full development of seeds in planta. The glass to rubber transition temperature, the so-called Tg, was measurable in sunflower cotyledons when their MC ranged from 0.02 to approximately 0.15 g H 2 O g DW -1
, but it became hardly detectable for lower or higher MCs (Figs. 4, 5) . In this range, Tg classically decreased from around 808C to about 25-308C when seed MC increased (Fig. 5) , those values being close to the ones measured in other orthodox seeds (Buitink and Leprince 2004) , but Tg values appeared to be about 108C higher in cotyledons from 58 DAA seeds at any MC. This demonstrates that during development, changes in the plasticization effects of water within the cytoplasm mainly evolve after the end of seed filling, during maturation drying. This difference needs to be considered with regard to the changes in seed storability since glasses are widely recognized as playing a role in seed storability, even if other factors may also alter seed viability during prolonged storage (Walters 1998) . Seed storability was assessed using controlled deterioration at 458C of seeds previously equilibrated at an MC of 8% FW (i.e. 7.3 g H 2 O g DW -1
). The state diagram presented in Fig. 5 shows that during this treatment, 58 DAA seeds would tend to be below their Tg, whereas 28 and 42 DAA seeds were above their Tg. In these conditions, molecular mobility may be predicted as being lowered in 58 DAA seeds whereas lower viscosity in 28 and 42 DAA seeds may allow more chemical reactions and a faster aging rate, which is in accordance with the calculated values of P 50 (Table 1 ). Higher storability of 58 DAA seeds may then be explained by properties of the glass, and numerous studies have shown that seed aging rate was related to cytoplasm vitrification (Bruni and Leopold 1992 , Leprince and Walters-Vertucci 1995 , Sun 1997 , Buitink et al. 1998 . The changes in glass properties during seed development might be attributed to changes in water status since water is known to act as a plasticizer that may loosen molecular connections within the glassy matrix and affect glass transition characteristics (Walters 1998) . We show here that glasses form at higher water contents in more mature seeds, and therefore postulate better protection of more mature seeds from aging stresses.
Various factors, such as starch, cell wall polysaccharides, non-reducing sugars and proteins, are known to play a role in glass formation in intracellular glass formation (Buitink and Leprince 2004) . The ratio of oligosaccharides to sucrose has also been proposed to be a good indicator of seed storability (Horbowicz and Obendorf 1994, Steadman et al. 1996) , a hypothesis which was not supported by a recent study dealing with 4200 species (Walters et al. 2005b) . Sunflower seed development was associated with an accumulation of raffinose in cotyledons while sucrose content remained almost unchanged, which led to a progressive increase of the raffinose to sucrose ratio (Table 3) . Such biochemical changes could also explain in part the observed increase in Tg during seed development because high molecular weight sugars, such as raffinose, have a higher Tg than sugars of a lower molecular weight, such as sucrose (Slade and Levine 1991, Buitink et al. 2000) . However, our data alone do not allow us to propose that sugars are responsible for the changes in glass properties in sunflower seeds. Finally, sugars may also be regarded as molecules able to affect the thermal properties of TAG. Many studies have indeed shown that soluble sugars could affect phase transitions in phospholipids (Crowe and Crowe 1988 , Koster et al. 1994 , Crowe et al. 1997 , Koster et al. 2000 . However, the relationship between sugars, glassy state and TAG physical organization has, to our knowledge, so far not been documented.
In conclusion, this study shows that the physical properties of lipids and glasses are developmentally Thermal properties in developing sunflower seedsregulated and that they might play a role in the acquisition of seed germinability and storability. We propose that, besides biochemical and molecular events, seed physical characteristics should be considered when considering developmental processes and that they might play a critical role in the late stages of seed development, when water availability is too low to allow any metabolic activity. From a practical point of view, these results also up open new areas of investigation in the field of seed vigour and storability evaluation, non-destructive thermal analyses being a powerful tool for determining these characteristics.
Materials and Methods
Plant material
Sunflower (Helianthus annuus L., cv Fructidor) plants were grown in fields of Limagrain located near Monte´limar (Droˆme, France). Flowerheads were harvested 29, 42 and 58 DAA, and were slowly air dried at room temperature until the seed MC reached about 4.5% FW. The duration of drying ranged from 12 to 8 d for seeds collected at 29 and 58 DAA, respectively. Seeds were then collected from the central ring of the flowerheads and stored dry at 208C and 70% relative humidity for 5-6 months to break their dormancy (Corbineau et al. 1990 ) before experiments started.
Germination tests and controlled deterioration
Germination assays were performed at 208C on samples of 300 seeds (six replicates of 50 seeds each) according to ISTA (1993) . Seed vigour was estimated by the MTG of seeds at 158C, a suboptimal temperature for sunflower seed germination. A seed was considered as germinated when the radicle protruded from the envelopes.
Controlled deterioration was carried out by placing seeds equilibrated at a moisture content of approximately 8% FW at 458C in tightly closed boxes for 3-7 d. The P 50 was determined as the time taken for germination to decrease to 50% (Priestley 1986 ). The deteriorative trend of seeds during controlled deterioration was obtained by transformation of germination data to probits (Priestley 1986) . Results presented correspond to the mean AE SD of three independent experiments.
Seed moisture content and DW were determined by ovendrying the seeds at 1058C for 17 h. Results are expressed as the mean moisture contents obtained with 60 g of achenes.
Electron microscopy
Small blocks of cotyledons (1-2 mm in length, around 30 replicates per seed sample) cut from dry seeds were fixed in 6% glutaraldehyde in 25 mM sodium phosphate buffer (pH 7.2) for 24 h at room temperature, washed in the same buffer and postfixed in 1% osmium tetroxide in 25 mM sodium phosphate buffer (pH 7.2) for 18 h at room temperature. After several washes in double-distilled water, the blocks of cotyledons were progressively dehydrated in ethanol then soaked in propylene oxide and embedded in Araldite (Fluka). Ultrathin sections were stained with uranyl acetate-lead (Reynolds 1963 ) and viewed at Service de Microscopie Electronique de l'IFR-BI (Universite´Pierre et Marie Curie) with a Philips (Eindhoven, the Netherlands) EM 201 transmission electron microscope at 80 kV.
Lipid extraction and fatty acid characterization
Cotyledons (400 mg FW, i.e. 382 g DW) were fixed in 5 ml of boiling water for 1.5 min then ground in 5 ml of methanol, 5 ml of chloroform and 5 ml of water containing 1% NaCl (w/v) (Bligh and Dyer, 1959) . After homogenization and centrifugation at 7,000Âg for 15 min, the solvent phase containing the extracted lipids was evaporated under nitrogen for 30 min and the extract was dissolved in 2 ml of chloroform. Separation of extracted lipids was carried out according to Mangold (1964) by thin-layer chromatography (TLC) on silica gel plates with ether-petrol : ethyl ether : acetic acid (70 : 30 : 0.4, by vol.) as a solvent system. Bands were visualized under UV light with primuline vapor and were identified by comparison with known standards. The fatty acid composition of extracts was determined after methylation using gas chromatography (GC). Analyses were carried out either on 100 ml of total extracted lipids evaporated under nitrogen, or by scraping bands obtained by TLC, which corresponded to the different lipid categories, namely TAGs, DAGs and PLs. In both cases, extracts were mixed with 3 ml of methanol : sulfuric acid (97.5 : 2.5, v/v) and heated at 708C for 45 min to prepare fatty acid methyl esters (FAMEs). After cooling, 3 ml of pentane and 1 ml of water were added to the solutions and the organic phase (top layer) was pipetted off after decantation. It was dried under nitrogen and resuspended in either 2 ml (extracted lipids and TAGs) or 0.5 ml (PLs and DAGs) of pentane. FAME solutions were separated by GC (Varian 3300, Varian, Palo Alto, CA, USA) using a Carbowax capillary column (50 m, 0.32 mm id; Chrompack). Oven temperature was set at 1808C; injector and detector (FID) temperatures were set at 2258C. FAMEs were identified by retention time using known standards, and peak height was used to determine proportions of each FAME. The fatty acid composition, calculated from total lipid extract, and the amount of the various categories of lipids separated by TLC were determined by adding a known amount of heptadecanoic acid before methylation.
Measurements of soluble sugars
Soluble sugars were extracted according to Black et al. (1996) . Ten to 15 cotyledons (approximately 300 mg FW, i.e. 286 mg DW) were ground at room temperature in a mortar in 1 ml of 80% aqueous ethanol containing melezitose (2.5 mg ml -1 ) as internal standard, and the extract was heated for 15 min at 808C. After centrifugation for 15 min at 14,000Âg and removal of the supernatant, the pellet was resuspended and re-extracted in 0.5 ml and then 0.3 ml of 80% aqueous ethanol at room temperature, and centrifuged again. The supernatants were combined and reduced to dryness in a centrifugal evaporator (RC 10-22, Jouan, Saint Nazaire, France). The dry extracts were dissolved in 100 ml of ultra-pure water and then filtered through an acetate filter (0.45 mm pore size, Nalgene, Rochester, NY, USA) before being analyzed by HPLC. Samples (10 ml) were injected onto a Spherisorb-NH 2 column (Thermo Separation Products, Les Ulis, France) and eluted with 80/20 (v/v) acetonitrile/H 2 O at a flow rate of 1 ml min -1 using a Spectra Physics 8700 pump. The eluents were analyzed with a differential refractometer (Spectra Physics 8430, Spectra Physics, Les Ulis, France) and the peak areas were integrated by a Spectra Physics 4290 integrator. Fructose, glucose, sucrose, raffinose and stachyose were identified by co-elution with standards (Sigma, St. Louis, MO, USA). The results were expressed as mg of sugars mg -1 DW of cotyledons and correspond to the means of three measurements AE SD.
Differential scanning calorimetry
DSC analyses were carried out with cotyledon slices from seeds previously equilibrated over nine different saturated salt
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Thermal properties in developing sunflower seeds solutions that gave relative humidities between 1 and 95% (Vertucci and Roos 1993) . Water contents ranged from 0.02 to 0.25 g H 2 O g DW -1
, dry weight being determined by oven-drying for 48 h at 958C.
Thermal transitions were measured using a Mettler DSC 30 (Mettler, GreinFensee, Switzerland) differential scanning calorimeter with liquid nitrogen as the coolant, and calibrated for energy with indium (28.5 J g -1
) and for temperature with indium (156.68C) and methylene chloride (-968C). Samples (from 20 to 100 mg) were hermetically sealed into 40 ml aluminum pans and cooled at a rate of 108C min -1 from 25 to -1008C, then rewarmed at the same rate from -100 to 258C. Onset temperature and enthalpy (ÁH) of melting events were recorded during rewarming and were calculated from the intersection of the baseline with the tangent to the sharpest part of the peak and the area encompassed by the peak, respectively, using the Star evaluation system (Mettler). Onset temperatures, rather than peak temperatures, were used to avoid artifacts from rapid scanning. Baselines were drawn assuming a continuous curve throughout the major endothermic event from 0 to -408C during warming runs. This treatment resulted in baseline shifts at temperatures less than -608C for some samples, indicative of the formation of metastable states (Fig. 3) . The presence of metastable states was verified by annealing samples during cooling at the recrystallization temperature (Walters et al. 2005a) , which resulted in continuous baselines, and enthalpies of the major endothermic event before and after annealing were similar, thus confirming proper placement of the baseline (data not shown). The amount of TAGs frozen to a crystalline structure relative to the amount remaining in amorphous phases was calculated for 42 and 58 DAA seeds only because their cotyledons contained mainly TAGs and their fatty acid composition was roughly similar. Based on the fatty acid composition, we assume a value of 76 J g -1 lipid as a weighted average for 100% crystallization within the b 0 phase of lipids in vivo to calculate the percentage crystallization (Small 1988) . This assumption works well with 42 and 58 DAA seeds, since their lipid content and composition were similar, but only gave a marked trend for 29 DAA seeds, for which the fatty acid composition differed slightly from the previous samples. Glass transitions were recorded during a third run from 25 to 1008C at the same rate. The Tg was estimated as the mid-point of the temperature range associated with the shift in specific heat. After DSC analysis, pans containing cotyledon slices were punctured and the dry weight determined by oven-drying for 48 h at 958C. Between eight and 12 DSC scans were performed with seeds equilibrated at each relative humidity used in this study.
Statistical analysis of DSC data
State diagram curves [Tg ¼ f(MC)] were fitted using a fit nonlinear directive with the following equation: Tg ¼ P1 Â exp P2 Â MC , and comparisons of model fitting results were made using an analysis of variance. All analyses were carried out using GenStat for Windows, Version 5.
